The conflict between predators and livestock farmers is a threat to carnivore conservation. Livestock guarding dogs are promoted as a non-lethal, environmentally friendly method to mitigate this conflict. As part of a farmer-carnivore conflict mitigation programme, the Cheetah Conservation Fund breeds Anatolian shepherd (also known as Kangal) dogs to protect livestock from predators. During - we interviewed  commercial and  subsistence Namibian farmers that are using  such dogs. Fewer commercial and subsistence farmers reported livestock losses to predators during the most recent year of guarding-dog use compared to the year before dogs were introduced. All subsistence farmers, but not all commercial farmers, ceased killing predators during the most recent year of guarding-dog use. All farmers ceased killing cheetah Acinonyx jubatus and leopard Panthera pardus during this year, and one dog killed a single cheetah. Conversely, dogs and farmers killed more black-backed jackals Canis mesomelas between them in the survey year than the farmers reported killing in the year before acquiring dogs. Two of the dogs reportedly killed non-target carnivore species, and  killed prey species. Thus our results challenge the categorization of livestock guarding dogs as a non-lethal conflict mitigation method. We suggest that the conservation status and body size of wild carnivores relative to the size of the guarding dogs be considered before introducing dogs to protect livestock. Additionally, corrective training for dogs that chase or kill non-target species should be implemented, especially where farmers value these species or where non-target species are threatened.
Introduction
C onflict between humans and carnivores is an ancient, global phenomenon that arises when carnivores and humans compete for space and prey species, or humans are threatened. Human-carnivore conflicts occur most commonly when carnivores prey on domesticated livestock, and farmers respond by killing carnivores (Sillero-Zubiri & Laurenson, ; Woodroffe et al., ) . During the last century the existential, economic and ecological values of carnivores have been emphasized, providing impetus for carnivore conservation (Miller et al., ; Ripple et al., ) . Mitigating farmer-carnivore conflict is thus a key component of carnivore, and hence biodiversity, conservation (Treves & Karanth, ; Breitenmoser et al., ) . Although conflict mitigation ultimately relies on addressing the competing human interests of livestock farming and carnivore conservation (Madden & McQuinn, ; Redpath et al., ) , efforts by conservationists to reduce actual and perceived livestock losses by farmers play a key role in improving relationships between these stakeholders.
Methods used to reduce livestock depredation are of two types: lethal and non-lethal control. Large-scale lethal control using indiscriminate methods such as poisoning, snaring and hunting can be environmentally damaging and are increasingly socially unacceptable (Treves & Naughton-Treves, ) . Furthermore, the removal of carnivores can have unpredictable negative ecological consequences because of the complex roles carnivores play in food webs (Treves & Naughton-Treves, ; Ripple et al., ) . However, selective lethal control methods (e.g. trapping by trained personnel) can sometimes reduce livestock depredation and subsequently increase farmers' tolerance of carnivores (Treves & Naughton-Treves, ; Bangs et al., ) .
Attention has turned towards non-lethal, environmentally friendly methods of mitigating farmer-carnivore conflict (Breitenmoser et al., ; Gehring et al., ; Shivik, ) . Livestock guarding dogs are promoted as one such method of mitigating conflict and thus conserving large carnivores (Marker et al., ; Gehring et al., ; Urbigkit & Urbigkit, ; Rigg et al., ; van Bommel & Johnson, ; McManus et al., ) . This, however, relies on the following assumptions: () if guarding dogs reduce livestock losses, fewer carnivores will be killed by farmers; () guarding dogs do not kill target species; () guarding dogs do not kill non-target species.
In Namibia most guarding dogs placed on farms by the Cheetah Conservation Fund have reduced livestock losses (Marker et al., ; Potgieter et al., ) . This is similar to results for other countries where guarding dogs have been introduced or studied as a traditional means of protecting livestock (Rigg et al., ; van Bommel & Johnson, ; McManus et al., ) . However, there are many examples of differences in farmers' attitudes and their behaviour towards carnivores, and livestock losses may not be an accurate predictor of carnivore killing by farmers (Marker et al., ; Treves & Karanth, ; Selebatso et al., ; Thorn et al., ) . Furthermore, commercial and subsistence farmers differ in terms of their tolerance of carnivores, and their propensity to kill carnivores on their farms (Marker et al., ; Romañach et al., ; Inskip & Zimmermann, ) . Consequently, although livestock guarding dogs may reduce livestock losses, they may not cause farmers to abandon lethal control methods. The first question addressed in this study was whether the use of livestock guarding dogs changed the behaviour of commercial and subsistence farmers towards carnivores in Namibia.
Historically, Namibian farmers have removed the largest-bodied predators, lion Panthera leo and spotted hyaena Crocuta crocuta. However, cheetah Acinonyx jubatus (- kg) and leopard Panthera pardus (- kg) persist in most areas and have thus assumed apex predator roles (Marker-Kraus et al., ; mass ranges from Hunter & Barrett, ). These two species are protected under Namibian law, although it is legal to kill them in defence of human life or livestock (Ministry of Environment and Tourism, ) . In contrast, black-backed jackal Canis mesomelas (- kg) and caracal Caracal caracal (- kg) are mesopredators that are not protected by law, occur widely throughout southern Africa, and are killed in high numbers (Skinner & Chimimba, ; Stadler, ) . Leopard, cheetah, caracal and black-backed jackal are the most commonly reported species to cause sheep and goat losses in southern Africa (Marker et al., ; Balme et al., ; Thorn et al., ) , and were thus categorized as target predators in our study. Other species capable of killing livestock in our study area (domestic dogs and baboons) were included as target predators when killed by livestock guarding dogs, but farmers were not asked whether they had killed these species.
Anatolian shepherd (also known as Kangal) dogs are large-breed livestock guarding dogs (adult mass - kg) that have the potential to act as introduced large carnivores. The Kangal dog, in particular, has been reported to kill wolves in Turkey and is thus recommended for protecting livestock against large carnivores (Urbigkit & Urbigkit, ) . Although there are anecdotal reports of guarding dogs fighting with and/or killing target predators (see Urbigkit & Urbigkit, , for a review), this is the first attempt at quantifying the number of target predators killed by guarding dogs. We compared interactions between livestock guarding dogs and target predator species with respect to their conservation status (protected or non-protected) and body size. Our second question therefore is whether livestock guarding dogs kill target predator species and, if so, how this relates to predator killing by farmers.
Non-target species may be small-bodied carnivores that do not prey on goats and sheep (e.g. African wildcat Felis silvestris, a non-protected carnivore that may prey on poultry, which were not guarded by the dogs in our study), or prey species such as wild ungulates. Livestock guarding dogs have been proposed as a non-lethal method for keeping potentially disease-transmitting ungulates away from livestock (Gehring et al., ) . However, free-ranging domestic dogs (i.e. dogs that are not controlled; Vanak & Gompper, ) can present a threat to ungulates by killing or harassing them (Young et al., ; Silva-Rodríguez & Sieving, ) . We questioned respondents about whether they had witnessed their dogs killing non-target species and, if so, how many animals they witnessed being killed. In the same questionnaire (Supplementary Material) respondents were asked whether their dogs exhibited behavioural problems, such as chasing wildlife. Although wildlife chasing by purebred guarding dogs has been studied previously (Marker et al., ; Gingold et al., ) , surveys that ask explicitly whether these dogs kill non-target species, and how many animals they kill, have not been conducted (but see Sepúlveda et al., , for mixed-breed guarding dogs). In Namibia farmers have the right to hunt common prey species occurring on their farms for meat and/or profit (Richardson, ; Naidoo et al., ) . Consequently, farmers have negative views of dogs killing valuable wildlife. Our third question is whether livestock guarding dogs kill nontarget species.
Previously we have examined the use of livestock guarding dogs from the perspective of Namibian livestock farmers, thus confirming the role of these dogs in livestock protection (Potgieter et al., ) . Here we aimed to evaluate the use of these dogs in terms of carnivore conservation, and more specifically to answer the above three questions. Importantly, these questions address the fundamental assumptions of the non-lethal role of guarding dogs, and identify potential unexpected consequences of management interventions.
Study area
Most of the livestock guarding dogs studied were placed on farms in the central region of Namibia (Fig. ) through the Cheetah Conservation Fund's Anatolian shepherd breeding programme (see Marker et al., , for details) . This programme was initiated to reduce farmer-carnivore conflict in Namibia, with particular emphasis on cheetah conservation (Marker et al., ) . Consequently, dog placements were prioritized in the central region, which supports the core cheetah population in Namibia (Marker-Kraus et al., ) .
The Cheetah Conservation Fund makes guarding dogs available to both commercial and subsistence farmers. The  dogs in this study belonged to  farmers ( commercial and  subsistence). All of the commercial farmers owned their land (i.e. freehold farms), whereas the subsistence farmers were either on government-owned communal land () or resettlement farms (). Resettlement farms are former freehold farms that were bought by the government and subdivided; farmers that lease these subdivisions from the government are known as resettled farmers (Odendaal, ) . As resettled farmers lease only a portion of a fullsized commercial farm, they use their livestock as a means of subsisting rather than for commercial purposes (Odendaal, ) . Consequently, we included resettled farmers in the subsistence farmer category.
Livestock farms in the central region of Namibia ( Fig.  ) are either fenced with multiple-stranded stock fences (all commercial farms and resettled farms) or unfenced (communal farms). Fences are typically porous to wildlife, which are thus able to move freely within and between the farms.
Methods
All livestock guarding dogs were raised with livestock and placed with the flock they protected from  weeks of age, following established training methods (Lorenz & Coppinger, ; Dawydiak & Sims, ) . None of the dogs were bred or placed for the purposes of this research. Each farmer who receives a dog signs a consent form that allows the Cheetah Conservation Fund to visit the farms regularly to evaluate the dogs, and confiscate dogs that are mistreated or malnourished.
Eighty-three guarding dogs .  months of age (mean age  ± SE . months) were assessed during March -September  on routine farm visits. Seventy-three of the dogs were the only purebred guarding dogs working at their respective farms. Ten dogs were placed with farmers that had already received a dog from the Cheetah Conservation Fund. Six of these dogs did not guard the same livestock as the previously placed guarding dog but guarded other herds on the same farm. The other four dogs worked with the previously placed guarding dogs to guard the same herds.
All of the sheep and goats guarded by the dogs in this study (n = ) were herded into enclosures at night, and  (%) of the dogs worked with a herder during the day. The dogs were thus restricted to parts of the farms that were within walking distance of the night-time enclosures. Apart from two exceptional instances (one involving a cheetah, another a caracal), all of the reported incidents of dogs killing predators occurred during the day, outside the nighttime enclosures. Besides the four guarding dogs that worked with previously placed dogs,  (%) of the remaining dogs in the study had some interaction with other farm dogs. The farm dogs were usually small mixed-breed dogs belonging to the herders that worked with the purebred guarding dogs.
The farmers were contacted by telephone prior to our visits, to obtain permission to access their land; none refused permission to visit their farms or conduct interviews. Respondents (farm owners or farm employees working with the dogs) were interviewed using a standard questionnaire (Supplementary Material). Farmers that receive dogs from the Cheetah Conservation Fund are not required to cease killing predators (Marker et al., ) . The respondents thus had little reason to respond dishonestly to the questions about farmers killing predators. Respondents were questioned regarding livestock loss and predator killing during the year prior to introducing their guarding dogs (hereafter, before the dog) and the year prior to the interview (hereafter, since the dog).
As the farmers' predator-killing strategies may have changed after receiving the first guarding dog, questions regarding predator killing by farmers were excluded for the  dogs placed on farms that had already received a dog from the programme. However, questions regarding livestock losses and the killing behaviour of the guarding dog were Livestock guarding dogs in Namibia excluded only for the four dogs that were placed in the same herd as another guarding dog. Uncertain responses were treated as missing data, which reduced the sample size for some analyses as answers were required for questions relating to both before the dog and since the dog for inclusion in the paired analyses. Some respondents were certain their dog had killed particular species but could not give exact numbers killed; these responses were excluded from the analyses, to be conservative. Consequently the sample sizes varied for each of our analyses according to the number of respondents who were able to provide enough information for each question.
Non-target carnivores killed by livestock guarding dogs were categorized as those species that are not verified killers of sheep and goats. The prey species reportedly killed by the dogs were categorized according to their value to farmers. Among antelope species, springbok Antidorcas marsupialis and larger antelopes were considered more valuable. Common duiker Sylvicapra grimmia, smaller antelopes, and warthog Phacochoerus africanus were considered less valuable species. Mammals ,  kg (e.g. hare, mongoose) were not included in our analysis, as encounters between the dogs and small mammals were less likely to be noticed by respondents. Cases of suspected wildlife killing were excluded, as the respondents could not be sure whether the dog was the killer, or which species had been killed. Given the distances between farms where the dogs were placed (Fig. ) it was logistically impractical to verify reported killings. Consequently we relied on asking respondents questions about their reports to determine their certainty. If a respondent revealed some uncertainty about their answer we excluded it from our analyses.
All data were positively skewed and not normally distributed (Kolmogorov-Smirnov and Shapiro-Wilk tests, P , .). Wilcoxon signed-rank tests were therefore used for repeated measures with continuous data. Two-sided Fisher's exact tests were used for comparisons between related groups of categorical data. The data presented here are from all  farmers using purebred guarding dogs from the Cheetah Conservation Fund at the time of the study. Consequently, confidence intervals are not given for data quoted as percentages. McNemar's non-parametric test was used to compare the proportional data for livestock losses and predators killed before and since dogs were introduced. All statistical procedures were conducted using SPSS v.  (IBM, New York, USA) and only results where P , . were considered significant.
Results

Livestock guarding dogs and target predators
Fewer farmers reported livestock losses to all predators combined since the dogs compared to before the dogs (P , ., Table  ). Only reported losses to leopard on both types of farms were not reduced since the dogs (P = ., Table  ). Both commercial and subsistence farmers reported jackal as the most frequent cause of livestock losses. Fewer farmers reported losses to jackal since the dogs than before the dogs, on both types of farms (P , ., Table  ). Fewer commercial farmers reported livestock losses to cheetah and caracal since the dogs compared to before the dogs (P = . and P = ., respectively, Table  ). Similar proportions of commercial and subsistence farmers reported losses before (P = .) and since (P = .) dog introduction ( Table ) .
Of the  farmers that reportedly lost livestock before the introduction of livestock guarding dogs and whose predator-killing strategies were known,  (%) did not kill predators before the dogs were introduced. Furthermore,  (%) of the  farmers that reported livestock losses since the dog did not kill predators. The jackal was the predator killed most frequently by both types of farmers (Table ) .
Combining the farm types, fewer farmers reported killing any of the target predator species since the dogs were introduced (P = ., Table  ). Similar proportions of commercial and subsistence farmers reportedly killed predators before the dogs were introduced (P = ., Table ) .
During the year after receiving the dogs none of the subsistence farmers killed predators but  (%) of the commercial farmers (n = ) continued to kill predators (P = .). A significant reduction in predator killing by farmers was found only for subsistence farmers killing all predators (P = .) and jackal only (P = .); the number of commercial farmers killing predators did not decrease significantly (P = .).
Farmers killed fewer predators since the dogs (. ± SE .) than before the dogs (. ± SE .; z = −., P = ., n = ; Table  ). As most of the predators killed were jackals, a similar result was found for this species, but the reductions in farmers killing other predator species were not significant ( Table ) . No cheetahs or leopards were killed by farmers since the dogs were introduced.
Forty-two of  dogs (%) reportedly killed target predator species. Thirty-seven dogs (%) reportedly killed jackals. Additionally, eight dogs (%) reportedly killed baboons, three (%) caracals, two (%) domestic dogs, and one (%) a cheetah. The presence of other mixed-breed working dogs did not affect whether or not the purebred guarding dogs killed predators (P = .) or non-target species (P = .).
Farmers and dogs combined killed more jackal (. ± SE . per farm per year) than the farmers alone before the dogs were introduced (. ± SE .; z = −., P = ., n = ; Fig. a) . Similarly, farmers alone killed . ± SE . caracal per farm per year before the dogs were introduced, whereas farmers and dogs killed . ± SE . caracal per farm per year since the dogs were introduced, but this result was not significant (z = −., P = ., n = ; Fig. b) . A reverse, yet non-significant, trend was found for the two protected species. Farmers alone killed . ± SE . cheetahs before the dogs were introduced, whereas since the dogs were introduced no farmers killed cheetahs and one dog killed one cheetah (. ± SE . per farm per year) that had jumped into the night-time livestock enclosure (z = −., P = ., n = ; Fig. c) . A farmer killed one leopard (. ± SE . per farm per year) before the dogs were introduced, and no leopards were killed since the dogs were introduced (z = −., P = ., n = ).
Livestock guarding dogs and non-target species
Two guarding dogs (n = ) killed non-target carnivore species; one killed a single bat-eared fox Otocyon megalotis and the other an unknown number of African wildcat Felis silvestris. Both of these dogs also killed predators that can threaten sheep and goats (one killed a baboon, the other a jackal and a caracal).
Eight dogs (%) killed less valuable prey (. ± SE . killed, n = ), and eight dogs (%) killed more valuable prey (. ± SE . killed, n = ). Reportedly only calves of the more valuable prey species (eland Tragelaphus oryx, kudu Tragelaphus strepsiceros and oryx Oryx gazella) were killed by these dogs. One dog killed both types of prey species. Thirteen of the  dogs reported to kill prey species also killed target predator species.
Discussion
Livestock guarding dogs and target predators
In broad terms the presence of livestock guarding dogs reduced the number of farmers reporting livestock losses to predators, and killing target predator species. Although subsistence farmers ceased killing predators after receiving their dogs, % of the commercial farmers continued to kill predators during the survey year. This result differs from studies in other African countries, which reported that commercial farmers expressed more positive attitudes than TABLE 1 The number and proportion of commercial and subsistence farmers that reported livestock loss as a result of predation, and killing target carnivores, before and since the introduction of livestock guarding dogs.
Status
Farm type (n)
No. of predators (%)
All species
Jackal
Canis mesomelas
Cheetah Acinonyx jubatus
Caracal
Caracal caracal
Leopard Panthera pardus
Baboon
Papio sp.
Reported livestock losses
Before dog All (60) 1 51 (85) ** 42 (70) ** 16 (27) ** 15 (25) ** 5 (8) 7 (12)* Since dog All (60) 1 21 (35) ** 16 (27) ** 6 (10) ** 4 (7) ** 2 (3) 0 (0)* Before dog Commercial (44) 37 (84) ** 28 (64) ** 14 (32) ** 11 (25)* 1 (2) 7 (16)* Since dog Commercial (44) 15 (34) ** 10 (23) ** 5 (11) ** 3 (7) * 1 (2) 0 (0)* Before dog Subsistence (16) 14 (88) ** 14 (88) ** 2 (13) 4 (25) 4 (25) 0 (0) Since dog Subsistence (16) 6 (38) ** 6 (38) ** 1 (6) 1 (6) 1 (6) 0 (0) Reported killing of predators by farmers Before dog All (67) 2 21 (31)* 19 (28) 4 (6) 4 (6) 1 (2) Since dog All (67) 2 12 (18)* 12 (18) 0 (0) 2 (3) 0 (0) Before dog Commercial (47) 15 (32) 13 (28) 3 (6) 4 (9) 0 (0) Since dog Commercial (47) Selebatso et al., ) . However, our study included a relatively small number of subsistence farmers. The  subsistence farmers relied entirely on the dogs to control predators, perhaps because they had limited resources for predator control. In Namibia and South Africa commercial farmers appear to be driven more by their perceptions of predators than actual livestock losses (Marker et al., ; Thorn et al., ) . Consequently, introducing livestock guarding dogs should be part of a larger strategy to engage commercial livestock farmers to reduce killing of predators in this region. By considering only  year before and  year after the introduction of livestock guarding dogs our study only provided a snapshot of the predator control methods used by responding farmers. Given the extensive placement of dogs in our study (Fig. ) , objective information on trends in predator populations on target farms was lacking. More intensive studies using data from multiple years before and after the introduction of dogs, including concurrent studies on predator populations, would provide a more complete picture.
The high level of tolerance found in this study among farmers for damage-causing predators is not necessarily representative of the overall level of tolerance in Namibia, which was reported to be lower in a previous study (Marker et al., ) . The farmers in the guarding dog programme represent a subset of farmers in the country (i.e. those that request assistance from carnivore conservation organizations). Consequently the results from the relatively predator-friendly farmers in this study must be applied with caution to the broader livestock farming community.
The reports of guarding dogs killing non-protected predator species challenge the portrayal of these dogs as non-lethal predator control, particularly for medium-sized predators (jackal and caracal in our study area). The net result of dog introduction was a significant increase in the killing of jackals, and a non-significant reduction in the killing of protected, larger-bodied predators (leopard and cheetah).
Our data relied on the honesty and recollection of the respondents, as the wide geographical distribution and number of dogs precluded independent monitoring. However, the widespread, independent reports of dogs killing predators (particularly jackals) presented here indicate that guarding dogs kill medium-sized predators more regularly than previously reported. Intensive monitoring of guarding dogs would be required to produce a more reliable estimate of numbers of predators killed, and to determine if guarding dogs selectively kill jackals that approach the livestock. The use of guarding dogs could thus be compared with other selective lethal control methods that target relatively abundant mesopredators.
In  there was a spike in the incidence of rabies among domestic dogs in Namibia (Hassel, ) , suggesting an increase in rabid jackals in the study year. Rabid jackals are likely to be unnaturally aggressive and fearless, which may make them more vulnerable to killing by guarding dogs than healthy jackals. However, none of the farmers in our study reported potential rabies infection in their guarding dogs, and eyewitness accounts of dogs killing jackals suggested that the jackals behaved normally. A previous study involving Namibian farmers showed a link between farmers perceiving the jackal as a problem species and perceiving the cheetah as a problem species (Marker et al., ) . Introducing guarding dogs on Namibian farms where jackal and cheetah are reported to cause livestock losses may therefore increase farmers' tolerance of cheetahs by preventing livestock depredation and selectively killing jackals. Large-bodied apex predators such as cheetah and leopard are more threatened by retaliatory killing by farmers (Woodroffe & Ginsberg, ; Cardillo et al., ; Kissui, ) than mesopredators such as jackal and caracal, which are resilient to persecution (Inskip & Zimmermann, ; Thorn et al., ) . Livestock guarding dogs therefore remain an important means of mitigating conflict between Namibian farmers and large carnivores, as in other countries (Urbigkit & Urbigkit, ; Lescureux & Linnell, ) . However, large-breed guarding dogs must be used with caution in areas where smaller carnivores are threatened.
Livestock guarding dogs and non-target species
Only two of the guarding dogs in this study (n = ) were reported to kill non-target carnivore species. The relatively low impact of these dogs on non-target carnivores should be compared to that of other lethal control methods that the dogs may replace. A quantitative, comparative study is required to determine whether guarding dogs are more species specific than other lethal control methods.
The prevalence of guarding dogs reportedly killing prey species (%) in this study was lower than the prevalence of guarding dogs chasing wildlife (%) reported early in the Cheetah Conservation Fund's dog programme (Marker et al., ) . Previous analyses of guarding dogs in this programme have found that wildlife-chasing behaviour is not linked to the age of the dog or the care provided by the farmer (Potgieter, ) . Additionally, wildlife-chasing behaviour appears to be declining among dogs in the programme, as farmers are advised on dog-training techniques to correct this behaviour (Potgieter, ) .
The numbers of animals reportedly killed by guarding dogs were relatively small. However, these figures represent minimum numbers killed, as we relied on respondents witnessing their dogs killing wildlife. On farms where the dogs did not work with herders, wildlife killings may have gone unnoticed by farmers. Dogs chasing and/or killing wildlife remains a concern, as the disturbance caused by the dogs will adversely affect prey populations, even if lethal encounters are rare (Gingold et al., ; Cromsigt et al., ) . Guarding dogs used under less controlled conditions than those in our study could have a greater impact on prey populations; dogs used under such conditions must therefore be monitored, and their negative impacts reduced where possible.
We have shown that livestock guarding dogs in Namibia cannot be considered a non-lethal means of predator control, particularly with respect to medium-sized carnivores. However, as reported previously, we suggest that introducing guarding dogs may increase farmers' tolerance of larger carnivores such as the cheetah. Finally, some guarding dogs reportedly kill non-target species. Training farmers and herders to correct wildlife-chasing behaviour in guarding dogs thus remains essential. These factors should be considered carefully when introducing livestock guarding dogs to mitigate farmer-carnivore conflict.
